For high electric fields, the lifetime of Wannier-Stark ladder states in a periodic potential is reduced by the fundamental process of Zener tunneling. We report on the analysis of the coherence lifetime of such states in semiconductor superlattices by interband spectroscopy. The reduction of lifetime by strong coupling between bands can only in the first approximation be described by the well-known Zener theory. A recently developed theoretical model is applied to calculate directly the tunneling probability of Wannier-Stark states as a function of the electric field. The theoretical results compare well with experiment, reproducing the complex interplay of both nonresonant and resonant Zener tunneling to higher bands. By comparing experiment and theory for a superlattice with a symmetric and one with a nonsymmetric potential, we can draw conclusions on a very general basis about the sensitive dependence of Zener tunneling on the specific dispersion relation of the carriers.
I. INTRODUCTION
The energy spectrum of carriers in a periodic potential under a static electric field has been an issue of intense research due to its fundamental importance for optical and transport properties of solids. In semiconductor superlattices 1 ͑SSLs͒, a periodic modulation of conduction-and valenceband edges leads to an artificial periodic potential ͑superim-posed on the atomic potential͒ for the carriers, splitting their energy spectrum into minibands ͑MBs͒. The design of a SSL geometry allows one to tailor the band structure of carriers and, consequently, SSLs became a model system to investigate the quantum states of a periodic potential and their dynamics. With the first observation of Wannier-Stark states in a SSL, 2 a long-standing theoretical debate about the their physical existence ended in 1988. Already in 1960, Wannier 3 had found that the energy spectrum of carriers, subject to a periodic potential and an electric field F, consists of equally spaced eigenvalues, the Wannier-Stark ladder ͑WSL͒, with an energy splitting scaling linearly with the electric field. However, he had already pointed out that the associated states are metastable due to tunneling. This was emphasized by Avron et al., 4 proving that the energy spectrum in general is continuous. Nevertheless, at low fields where the tunneling probability is low compared to other characteristic scattering rates of the system, the problem can be well described by common approximations, e.g., by the tight-binding approach, 5 which lead to stationary states. Recently, key results of experiment and theory have shown that tunneling can play a decisive role. Based on the interaction of a finite number of bands, the signature of resonant tunneling between discrete Wannier-Stark states has been shown in experiment [6] [7] [8] [9] [10] and was described by theory. [11] [12] [13] [14] [15] [16] Recently, the signature of electrical breakdown in SSLs was observed directly in the optical spectrum. 17 The observations were compared to the theory by Glutsch and Bechstedt, 18 who showed numerically that at high fields the coupling of, in principle, an infinite number of bands causes the concept of localized WSL states to fail totally. Instead, a tunneling-induced spatial delocalization of the states is observed. 17 This is associated with a reduction of the coherence lifetime due to an increased tunneling probability of the state. It was found that the field dependence of the lifetime of WSL states shows a complex behavior. Apart from a continuous decrease, oscillations are observed which can be attributed to resonant tunneling.
In his well-known paper, Zener 19 calculated the tunneling rate ␥ of an electron from one band through a band gap into a second band: 20 showed for the first time in an alternative periodic system, atoms in an accelerating optical lattice, that the tunneling probability shows both resonant and nonresonant features, but the effect was only measured for a very small field interval.
Here, we present a comprehensive experimental and theoretical study which investigates in a solid-state system the interplay of nonresonant and resonant Zener tunneling. A theory developed by Glück et al., 21 calculates directly the tunneling probability of the states. Second, experimental results of a second SSL structure are presented which show a distinctively different dependence of the states lifetime on the electric field. Using our results we can draw basic conclusions on how the complex behavior of Zener tunneling is defined by different band structures and will help to unterstand the limitations of the classical Zener equation.
II. EXPERIMENT
For our study of the Zener effect, strongly coupled SSLs with low barriers were used. The structures were designed to have only one electron MB energetically below the band edge of the barrier at zero field. Therefore, the Zener effect observed is caused by the Zener tunneling from the lowest MB into above-barrier MBs. In these shallow SSLs, tunneling plays a decisive role at low fields. Therefore, these structures have been proven to be very suitable to explore tunneling over a wide field range. In this paper, we present results of two SSL geometries for sample A, a GaAs/Al 0.08 Ga 0.92 As SSL ͑well width aϭ76 Å; barrier width bϭ39 Å; barrier height for electrons H e ϭ62 meV; and barrier height for holes H h ϭ46 meV), and sample B, a GaAs/Al 0.11 Ga 0.89 As SSL (aϭ50 Å, bϭ54 Å, H e ϭ83 meV, and H h ϭ64 meV) structure.
Both samples consist of 35 undoped SSL periods and different buffer layers to ensure a linear drop of the electric field across the SSL. A semitransparent Schottky contact ͑Au/Cr͒ inhibits electron injection. For the transmission measurements, the substrate was removed by wet etching.
The SSL geometry of the structures was designed ͑with the help of a transfer-matrix-model͒ to investigate strong coupling to above-barrier states. Both samples were intended to have the same bandwidth of the first electron MB of about 30 meV and the same energetic distance of the center of the first electron MB to the upper edge of the barrier of about 30 meV. The main difference between the samples is that sample B has a symmetric geometry, i.e., well and barrier are almost equal in width. This resembles a cosine potential and one expects small gaps between the upper MBs. 38 Since the influence of tunneling on the energy spectrum ͑and the associated wave functions͒ and the lifetime of the states of a SSL becomes obvious in the optical spectrum of the system, we measured the linear interband absorption of the SSL as a function of the field. The sample was illuminated by a halogen lamp and held at a temperature of 10 K. Due to their high effective mass, holes are already localized at low fields and the field-dependent change of the absorption is defined predominantly by the electron states. Therefore, absorption measurements can be used to study exclusively that how tunneling coupling affects the electron WSL states. The homogeneous linewidth ⌫ of an interband absorption line is linked to the total polarization scattering rate of the transition, which is the sum of the scattering rates for an electron and a hole.
III. THEORETICAL DESCRIPTION
To theoretically describe absorption D() we use a model developed in Ref. 22 . The analytic approach behind the numerics is a specific scattering theory developed in Refs. 21,23-25. The model results in the calculation of metastable WSL states which are the complex-energy poles EϭEϪi⌫/2 of the rigorously constructed scattering matrix. Lifetime of the states defined by their tunneling probability follows directly from ϭ1/␥ϭប/⌫, which corresponds to a line broadening ⌫ in absorption. Since the optical spectrum is measured in the experiment, an analytic expression was found to describe the absorption spectrum in terms of resonance WSL states.
The absorption of the SSL is dominated by the creation of electron-hole pairs ͑excitons͒ and the subsequent decay of the excitons. This can happen in two ways: a recombination of an electron and a hole via Coulomb interaction or by a decay of the electron or hole state due to the applied field. In the high-field regime, the Coulomb interaction can be neglected and the latter process dominates the decay of the exciton state. The exciton state can then be written as
where ͉⌿ ␤,L e ͘ denotes the electron state at site L and ␤ labels the Bloch band. The same notation holds for the hole state ͉⌿ ␣,0 h ͘ which is localized at an arbitrary SSL site. The complex energy of the exciton state is given by
, where E g is the energy gap between the valence and the conduction band and d is the SSL period. Using these notations, it can be shown 22 that the absorption is given by
͑3͒
Numerator I ␣,␤ 2 (L) can be interpreted as the transition matrix element between hole state ␣ and electron state ␤ which are L lattice periods apart. It is given by
͑4͒
Note that ͉⌿ ␣ h ͘ and ͉⌿ ␤ e ͘ are resonance states and therefore are the non-Hermitian eigenstates of the system. Right and left eigenstates must be distinguished. Generally, they do not coincide ͑cf. Ref. 26 for details͒. I ␣,␤ 2 (L) depend strongly on the site index L and define the shape and intensity of absorption D(). At Fϭ0, Eq. ͑3͒ consists of a set of sharp peaks due to the neglect of other broadening effects. In the experiment, for Fϭ0 kV/cm, a dominating inhomogeneous broadening was found by comparing the total linewidth in linear absorption with the homogeneous linewidth determined by degenerate four-wave-mixing experiments ͑not shown here͒, e.g., for sample B the inhomogeneous broadening is about 1 meV and the total linewidth is 1.25 meV. This broadening, homogeneous and inhomogeneous, is taken into account field independently by convoluting D() with a Gaussian to ensure that the width of the main peak at Fϭ0 agrees with the experimental data. To compute the absorption dependent on the system parameters, we have to define the shape of the lattice potential. Instead of the usual squared box potential, we have to use an analytic potential since the latter shows a fractal-like dependence of the decay rates of the eigenstates on the field strength. 22 Therefore, we use an analytic potential of the following form:
which is a smoothed square box potential of width b and where defines the smoothness of the potential. The shape of the potential is assumed to be the same for electrons and holes and the effective masses are assumed to be constant.
As an example, Fig. 1 shows calculated absorption spectra of sample B and compares them with the experiment. The theory calculates the energy spectrum relative to the bandgap energy which here was added with E g (GaAs) ϭ1.52 eV for comparison with experiment. In the plotted energy interval, the transitions from the first heavy-hole ͑hh͒ MB to the first electron MB, i.e., the ␣ϭ1 to ␤ϭ1 transitions, are shown. On the left-hand side, the theoretical spectra are given. For Fϭ10 kV/cm, the WSL transitions from the localized hole state to the delocalized electron states are seen clearly, whereas the central peak can be attributed to the direct transition from ␣ϭ1 to ␤ϭ1 within one SSL layer (Lϭ0), i.e., the (1,1)-hh 0 transition. The neighboring peaks are contributions of indirect (L 0) WSL transitions. For F ϭ20 kV/cm, the WS localization 2 implies that only the (1,1)Ϫhh 0 transition remains ͑only very weak LϭϮ1 transitions are still seen͒. In a one-band picture, which neglects tunneling, a single Lϭ0 peak, not changing with increasing field, would be the high-field limit. Instead, the model predicts a peak which for higher field broadens strongly and is red shifted. This is due to the increasing tunneling probability which is calculated directly by the theory. The resulting linewidth of the transition mirrors the reduced states lifetime.
On the right-hand side of Fig. 1 , the experimental spectra are plotted. Please keep in mind that theory uses a onedimensional model and does not include Coulomb interactions and light holes. Nevertheless, especially for high field FϾ30 kV/cm, where tunneling plays a dominating role, theory compares well with experiment. The predicted line broadening of the (1,1)-hh 0 transition caused by tunneling is observed clearly. For FϾ20 kV/cm, the weak absorption peak, which is seen at the high-energy side of the main peak, can be attributed to the (1,1)Lϭ0 transition of the light hole. For 10 kV/cm, in the WSL regime, the experimental spectrum shows the well-known features of Coulomb interaction. [27] [28] [29] [30] The Coulomb interaction and the uncertainties concerning the effective masses of the carriers and the exact SSL potential are the reasons for the deviation of the absolute energy scale between experiment and theory.
IV. RESULTS
To monitor the field dependence of the WSL state's lifetime, we measured field-dependent absorption spectra and analyzed the linewidth of the direct interband WSL transition ͑the transition within one quantum well layer of the SSL͒, i.e., the (1,1)-hh 0 WSL transition.
A. Sample A First, let us look at sample A. Figure 2 displays the linewidth ͓half-width at half maximum ͑HWHM͔͒ of the (1,1)-hh 0 WSL transition measured as a function of the field ͑these data were presented earlier 31 ͒. The absorption line of this particular transition was fitted by a Gaussian peak. For medium fields Fϭ10-20 kV/cm, in the WSL regime, where the electron has a certain probability density in the neighboring wells, the linewidth stays almost constant. In this field region, excitonic coupling leads to the Fano broadening of the line, 27 causing an asymmetric line shape. Therefore, in this field range the line can only be fitted approximately by the present method. However, we here concentrate on higher fields at which the Wannier-Stark localization of the electron wave function suppresses the Fano coupling and broadening, due to Zener tunneling starts to dominate. For fields F Ͼ30 kV/cm, the linewidth increases drastically. The coupling to states of higher bands is no longer negligible.
From the original Zener theory 19 one would expect a continuous increase of the linewidth. To underline this, we also plot here the fit by the Zener equation, Eq. ͑1͒, as in our previous paper ͑cf. Fig. 2 of Ref. 31͒. The fit can only describe the overall behavior. In contrast, the graph clearly shows strong oscillations which can be attributed to resonant coupling of WSL states of the first with states of the second electron MB. These resonances are seen as anticrossings of WSL states in the absorption spectra and will be discussed in more detail in Sec. V.
The graph also presents the results of the theory. The interplay of the continuous increase of the linewidth due to nonresonant Zener tunneling and the peaks due to resonant Zener tunneling are reproduced effectively. To be more specific, the numerical data were obtained by computing the energy levels and states in the valence and the conduction band using the method described in Refs. 33 and 32 and fitting a Gaussian to the dominant peak of D(). Exemplary error bars, both for experiment and theory, are plotted to account for uncertainties of the fitting. For theory, the fitting is approximate for strong fields and in the vicinity of resonances because the line shape becomes asymmetric. In experiment, for a strong field only the low-energy side of the absorption can be fitted, since on the high-energy side inplane absorption and the light-hole transition are superimposed. Additionally, the strong weakening, i.e., the decreasing oscillator strength, of the transition causes higher uncertainties.
In our theoretical description, we use scaled variables where the dimensions are defined by setting the lattice period equal to 2, the masses to one, and the potential heights equal to two. This leads to a dimensionless scaled Planck constant given by ប s ϭ2ប/(dͱVm) ͑cf. Ref. 32 for details͒. Using the parameters for sample A, we get a scaled Planck constant ប s e ϭ3.3 for the electrons and ប s h ϭ1.5 for the holes. For these parameters, the decay rates of the exciton states are given mainly by the decay of the electron contribution. To take into account experimental uncertainties, e.g., the heights of the potential barriers or the effective masses, we used a Metropolis algorithm which allows the slight variations of the parameters ប s e , ប s h , and to improve the agreement between experiment and theory. This procedure led to the optimized values ប s e ϭ3.1, ប s h ϭ1.5, and ϭ2.5. As mentioned earlier, theory introduces a certain smoothing of the potential to describe the experimental results. There is no doubt that a rectangular potential cannot be realized in nature since the Al atoms are distributed randomly in the barrier. The effects of alloy fluctuation and interface roughness have been subjects of several papers, e.g., see Refs. 34 -36. For future investigations, it would be desirable to measure directly the abruptness of the potential barriers to support our results. A smoothing of ϭ2.5 corresponds to a deviation from rectangular potential by 3 ML ͑monolayers͒, i.e., the distance from the point where the potential reaches 50% of the barrier height to the points where the potential reaches 10% or 90% of the barrier height. Theory can also reproduce this behavior in detail. By following the same procedure as for modeling sample A, we again get optimized values for the scaled Planck constants to fit the experiment. For sample B, they read ប s e ϭ2.9, ប s h ϭ1.2, and ϭ1.3. Note that the potential obtained for the best agreement with experiment has a larger smoothing than for sample A, which here corresponds to a deviation from rectangular potential by 5 ML ͑see discussion in Sec. IV A͒.
Using these values, we arrive at the linewidths which are shown in Fig. 3 in comparison to the experimental data. The linewidth follows Zener's theory, with only a marginal structure superimposed. Therefore, we use Eq. ͑1͒ to fit the experimental data of sample B in Fig. 3 . To account for the linewidth at Fϭ0 a constant was added. From the fit, the band gap E 12 between the first and the second electron MB can be extracted. We get E 12 ϭ51 meV which is in reasonable agreement with the band gap obtained from the dispersion relation, which will be presented in the following section. In principle, it is surprising that the Zener equation can fit the behavior well since this semiclassical theory should fail for high field.
V. DISCUSSION
To discuss the physics behind the different behavior of samples A and B, let us have a look at the dispersion relations of both potential geometries in the field-free case which are displayed in Fig. 4 . These were calculated with the potentials used for modeling the linewidth. The main difference-besides the widths of the individual bands-is given by the size of the gaps. Sample B has an approximately symmetric potential (aϷb), leading to a dominant first coefficient in the potential's Fourier expansion. Therefore, higher Fourier coefficients are small, leading to small higher gaps. 38 Here, we compare the first two gaps E 12 and E 23 which influence mainly the Zener effect, since the size of higher gaps becomes very small. These are equal to E 12 ϭ31/44 meV and E 23 ϭ17/7 meV for sample A/B. In comparison to sample A, the gap between the first and the second MB is larger for sample B and the gap to the third MB is much smaller. These are the reasons that on one hand the overall coupling ͑between the lowest electron WSL state and higher states͒ is weaker for sample B mainly due to the large first gap. On the other hand, the small second band gap for sample B leads to strong coupling between the above-barrier bands which inhibits resonant tunneling. This is also illustrated in Fig. 5 where the calculated fielddependent tunneling rates, the imaginary part of the energy, of the three most stable conduction band-energy levels are compared. For sample B, the first state is well separated from the others, whereas the two higher states are nearly indistinguishable. In comparison, for sample A, the plot shows clearly tunneling resonances as peaks of the first state's decay rate. Contrary to sample B, the two above-barrier states can be resolved.
A look at the optical spectra provides a possibility to have a more comprehensive point of view on how the single WSL transitions evolve and how they are affected by tunneling. Here, the so-called Wannier-Stark fan diagrams for both structures are compared. The gray scale map plots absorption spectra along the energy axis as a function of the field. For the experimental plot, three separate measurements in three energy intervals were merged; whereas, the spectra, separately for each interval, had to be corrected for the spectral response of the experimental apparatus and differentiated along the energy axis to make weak transitions visible. Therefore, one has to keep in mind that the intensities of the transitions in the different energy intervals cannot be directly compared. For comparison, theory also plots the derivative ‫.ץ/‪D‬ץ‬ Figure 6 presents experiment and theory for sample A. The low-energy part of the experimental plot was already presented in Ref. 17 , but the extended energy scale, however, will provide a better understanding. Let us first look at the theory showing the main features more clearly, since it does not include excitons, light-hole transitions, and is devoid of noise. Two prominent fanlike structures can be identified. The lower, more prominent fan corresponds to the transition between the most stable states, the first electron and the first hole MB, ␣ϭ1→␤ϭ1. The central branch of this fan can be associated directly with the (1,1)-hh 0 transition. The neighboring branches correspond to transitions with Lϭ Ϯ1, LϭϮ2, etc. Following the central branch, gaps are observed where resonant tunneling occurs, marking anticrossings. These can be explained as resonant interactions with states of the second electron MB, which originate from a Wannier-Stark fan centered at an energy of about 1.66 eV. This fan corresponds to transitions of the second hole MB to the second electron MB, ␣ϭ2→␤ϭ2. Energetically, in between these two fans we see the remnants of the transition ␣ϭ2→␤ϭ1 which is weakly allowed.
These structures can also be found in the experimental graph. Besides, Coulomb interaction leads to known features of an excitonic WSL, 28 -30 which will not be discussed here. Additionally, light-hole transitions are observed. For light holes the same transitions as for heavy holes are expected, but slightly blue shifted and weaker in strength. The most clearly seen light-hole feature is the doublet of the (1,1) Ϫ(Lϭ0) transition. The WSL states of the (1,1) transitions fan out until, due to the Wannier-Stark localization, 2 the offdiagonal WSL transitions vanish. As discussed in Sec. III, contrary to one-band pictures, it is clearly seen that the transitions further change for increasing field strength. Following the (1,1)-hh 0 transition, the effect of nonresonant Zener tunneling increases, which is observed as red shift and consecutive weakening of the transition until it vanishes completely for higher fields. As described above, the (1,1)-hh 0 transition also shows tunneling resonances which are seen as oscillations superimposed on the linewidth of sample A, in Fig. 2 . These are points of resonant coupling to states of the second electron MB which is above the barrier. The experiment also shows a WSL fan originating from the second electron MB as it was predicted by theory. To our knowledge, this is the first time that WS localization of unconfined states is observed experimentally. In other words, this verifies that the second band gap E 23 suppresses the tunneling to the third MB, at least for low fields, strong enough to lead to a spatial localization.
For sample B, the lack of interaction of the first electron MB states with higher bands and the strong interaction between the above-barrier bands is mirrored clearly in the Wannier-Stark fan shown in Fig. 7 . First, the hh 0 branch of the ␣ϭ1→␤ϭ1 fan does not exhibit the broken feather structure of its counterpart in sample A. In fact, the lack of anticrossings in the spectrum in case of coupling to weakly bound states was discussed by Wagner et al. 37 and is observed here. Second, in comparison to Fig. 6 , it is seen that the weaker fan corresponding to the transition ␣ϭ2→␤ ϭ2 is almost absent. Remnants of the fan ␣ϭ2→␤ϭ1, which do not affect the main structure, are still visible. Both, experiment and theory, demonstrate that the small second band gap E 23 for sample B inhibits the spatial localization of the above-barrier states leading to the lack of resonant Zener tunneling.
Let us briefly discuss in rather general terms why the Zener equation does not describe the admixture of resonant tunneling as observed. Zener 19 only treats the probability of quantum-mechanical tunneling into the next band for carriers at the edge Bloch-state of the Brillouin zone. The tunneling rate follows from the knowledge that the carriers reach the Brillouin-zone edge once per Bloch-oscillation cycle. In his theory, the carriers tunnel virtually into a continuum of states because Wannier-Stark localization is not considered. Additionally, only one Bloch-oscillation period is considered, neglecting any correlations between successive Blochoscillation cycles. These assumptions are justified in case the states of the upper band themselves have a very small lifetime due to strong tunneling to higher bands. In other words, this holds if the second band in which the carriers tunnel is empty and the states are weakly bound. In time domain, one can argue that in case of a considerably large second band gap, the intraband coherence time of the carriers in the second band increases. If the coherence time reaches the range of a few Bloch-oscillation cycles, the assumptions of Zener are not valid anymore and in return the effect of resonant tunneling is observed.
VI. CONCLUSIONS
In this paper, we have analyzed the linewidth of WSL transitions in absorption which mirrors the coherence lifetime of the contributing states. It was shown that already for a moderate-field strength, Zener tunneling of the electron WSL state is the dominant line-broadening mechanism. Therefore, the linewidth was taken as a measure for the tunneling probability of the electron WSL state which could be reasonably well modeled by theory. An interplay of nonresonant and resonant Zener tunneling was observed by investigating two different superlattice structures: a nonsymmetric structure which strongly deviates from the Zener theory by large modulations due to resonant tunneling and a nearly symmetric superlattice which follows Zener's prediction. We have shown that the different tunneling behavior is determined by the dispersion relation of the structures. Here, the main influence comes from the different band gaps of the system. In the first case, sample A, a larger second energy gap which separates the second and the third band hampers their coupling by tunneling, which leads to spatial localization of the unconfined states of the second MB ͑which is energetically above the barrier͒ and the signature of resonant Zener tunneling. In the second example, sample B, the above-barrier bands couple strongly and act as a quasicontinuum for the states of the first band, meeting the assumption of the Zener equation that carriers tunnel into weakly bound states.
